The crystal structure of annealed chevkinite-(Ce), ideally (REE,Ca) Infrared spectra of unannealed crystals suggest significant radiation-induced damage. The structures of two unannealed crystals were refined, but there are major discrepancies (~13%) between the sums of the site-scattering values at the octahedrally coordinated M sites and the analogous values calculated from the chemical compositions determined by electron-microprobe analysis. These discrepancies were not present when data were collected on annealed crystals, indicating that the original crystals are partly metamict and that this can significantly affect the results of site-scattering refinement. In the crystal structure of chevkinite, there are two distinct ( sur une base de 13 cations par unité formulaire. Les spectres infrarouges des échantillons non chauffés indiquent la présence de dommage important dû à la radiation. Les structures de deux cristaux naturels ont été affinées, mais révèlent des différences importantes (~13%) entre les sommes des valeurs de la dispersion aux divers sites M à coordinence octaédrique et les valeurs analogues calculées à partir des compositions chimiques déterminées par analyse à la microsonde électronique. Ces différences ne sont pas évidentes quand les données sont prises des mêmes cristaux recuits, indication que les cristaux étaient métamictes à l'origine et que cet état peut affecter largement les résultats de l'affinement de la dispersion associée aux divers sites. Dans la structure de la chevkinite, deux tétraèdres ( Mots-clés: chevkinite-(Ce), silicate de Ti, structure cristalline, Mongolie, dommage dû à la radiation.
) a 13.368(2), b 5.7243(6), c 11.041(1) Å, ␤ 100.516(1)°, V 830.7(2) Å 3 ; Z = 2, from Mongolia, has been solved by direct methods and refined to R 1 values of 6.3 and 5.7% using 1287 and 1180 unique (|F o Infrared spectra of unannealed crystals suggest significant radiation-induced damage. The structures of two unannealed crystals were refined, but there are major discrepancies (~13%) between the sums of the site-scattering values at the octahedrally coordinated M sites and the analogous values calculated from the chemical compositions determined by electron-microprobe analysis. These discrepancies were not present when data were collected on annealed crystals, indicating that the original crystals are partly metamict and that this can significantly affect the results of site-scattering refinement. In the crystal structure of chevkinite, there are two distinct (SiO 4 
. There are four octahedrally coordinated M sites that are occupied by small-to medium-sized divalent to pentavalent cations. guishing chevkinite-(Ce) (␤ ≈ 100°) from perrierite-(Ce) (␤ ≈ 113°). Usually, chevkinite-(Ce), strontiochevkinite, polyakovite-(Ce) and perrierite-(Ce) are highly metamict. Occurrences of non-metamict chevkinite-(Ce) (Kovalenko et al. 1995) and perrierite-(Ce) (Parodi et al. 1994 ) have been reported. Rengeite is very poor in U and Th, and matsubaraite does not contain any U and Th; both minerals are thus crystalline, and give excellent X-ray powder-diffraction data from unannealed material (Miyajima et al. 2001 (Miyajima et al. , 2002 . Kovalenko et al. (1995) described crystalline chevkinite-(Ce) from the Tsahirin-Khuduk Zr-Nb-REE-ore occurrence at the northernmost part of the Northern outcrop of the Khaldzan Buragtag alkali granite, Mongolian Altay, Western Mongolia. The sample was collected from the pegmatitic zone of the alkali granite Geophysicheskii, in which chevkinite-(Ce) forms wellshaped prismatic crystals up to 1.0 ϫ 0.2 ϫ 0.1 cm. Associated minerals are orthoclase, riebeckite, quartz, fergusonite-(Y), Ta-rich fersmite and zircon. These crystals of chevkinite-(Ce) appear unaltered and do not contain any visible products of later metasomatic alteration. Chevkinite-(Ce) crystals from metasomatic assemblages are usually surrounded by a crust of secondary minerals: allanite-(Ce) , Nb-bearing ilmenite, rutile, synchysite-(Ce) and cerite-(Ce) (Kartashov 1994) . Yang et al. (2002) reported on the structure of a sample of Fe-rich chevkinite-(Ce) from Mianning, Sichuan Province, China. Here we report results of a single-crystal study of chevkinite-(Ce), focusing on the effect of moderate radiation-damage on site-occupancy refinement, and we discuss two possible assignments of INTRODUCTION Chevkinite-(Ce) is an accessory mineral in pegmatites associated with alkali granites and syenites; it is particularly common in associated contact-metasomatic rocks. Originally, chevkinite-(Ce) was described as perrierite by Bonatti & Gottardi (1950) . Peng & Bun (1964) proposed a crystal-structure model for chevkinite-(Ce) based on structural data for perrierite-(Ce), ideally Ce 4 Fe 2+ (Ti 4+ ,Fe) 4 Si 4 O 22 (Gottardi 1960 ). Chevkinite-(Ce) (space group C2/m) and perrierite-(Ce) (space group P2 1 /a) are dimorphs. Calvo & Faggiani (1974) presented crystal-structure models for synthetic analogues of chevkinite-(Ce) and perrierite-(Ce). [We note that perrierite was redefined as perrierite-(Ce) by Nickel & Mandarino (1987) ]. Usually, chevkinite-(Ce) is highly metamict, accounting for the problem in adequately characterizing its crystal structure. In addition to chevkinite-(Ce), there are two more minerals of the chevkinite-(Ce) structure-type: strontiochevkinite, ideally (Sr,REE) 4 Fe 2+ (Ti 4+ ,Fe) 4 Si 4 O 22 (Haggerty & Mariano 1983 ) and polyakovite-(Ce), ideally Ce 4 Mg Cr 3+ 2 Ti 4+ 2 Si 4 O 22 (Popov et al. 2001) , and two more minerals of the perrierite-(Ce) structure-type, rengeite, ideally Sr 4 Zr Ti 4 Si 4 O 22 (Miyajima et al. 2001 ) and matsubaraite, Sr 4 Ti 5 Si 4 O 22 (Miyajima et al. 2002) . The crystal structures of strontiochevkinite and rengeite are not yet fully characterized. They were assigned to the chevkinite-(Ce) and perrierite-(Ce) structure types in accord with the ␤ angle: 100.32° for strontiochevkinite and 114.26° for rengeite, as Haggerty & Mariano (1983) regarded the ␤ angle as being the best way of distin-site populations and the crystal chemistry of the chevkinite-group minerals. The superscript an indicates that a crystal was annealed in air for 3 hours at 1100°C.
SINGLE-CRYSTAL X-RAY DIFFRACTION

Collection of X-ray data
Four sets of single-crystal X-ray data were collected for three crystals of chevkinite-(Ce). Crystals (1) and (2 an ) were mounted on an automated four-circle P4 diffractometer fitted with a CCD detector [1K SMART for crystal (1), 4K APEX for crystal (2 an )] and equipped with a MoK␣ X-ray source. Integrated intensities were collected up to 2 ≈ 60°, using 60 s per frame, 0.2°f ramewidths, and crystal-detector distances of 4 and 5 cm for the 1K and 4K detectors, respectively. The refined cell-parameters (Table 1) were obtained from 4393 and 4103 reflections (I > 10 I). An empirical absorption correction (SADABS, Sheldrick 1998) was applied. Crystals (2) and (3 an ) were mounted on a P3 automated four-circle diffractometer fitted with a serial detector and using MoK␣ X-radiation. Cell parameters were determined from 16 reflections with 7 ≤ 2 ≤ 25°. Integrated intensities of 1450 and 1393 reflections with 1 -8 ≤ h ≤ 18, 0 ≤ k ≤ 8, 0 ≤ l ≤ 15 were collected up to 2 = 60.12° according to the procedure of Hawthorne & Groat (1985) . An empirical absorption-correction using ⌿-scan data was applied, and the data were corrected for Lorentz, polarization and background effects.
INFRARED SPECTROSCOPY
Infrared spectra were collected on single grains of chevkinite-(Ce) using an Hyperion IR microscope interfaced with a Bruker Tensor 27 FTIR spectrometer fitted with a liquid-nitrogen-cooled mercury-cadmiumtelluride detector. Single crystals were positioned on the microscope stage and the aperture was reduced to include only a single crystal. Thirty-two scans were collected on each of three crystals, and scans for each crystal were combined at 4 cm -1 resolution from 4000 to 800 cm -1 .
CHEMICAL ANALYSIS
The crystals used for X-ray diffraction were mounted in a perspex disc, ground, polished and coated with carbon for chemical analysis using a Cameca SX-50 electron microprobe. Ten points were analyzed on each crystal using the following conditions: excitation voltage: 15 kV, specimen current: 20 nA, beam size 5 m. (Table 2) were calculated on the basis of 13 cations per formula unit, as this method does not require prior knowledge of the Fe 3+ :Fe 2+ ratio of the crystal.
STRUCTURE SOLUTION AND REFINEMENT
The crystal structure of chevkinite-(Ce) was solved by direct methods; the SHELXTL 5.1 system of programs (Sheldrick 1997) was used for solution and refinement of the structure. Scattering factors for neutral atoms were taken from the International Tables for XRay Crystallography (1992). Details of the structure refinement are given in Table 1 . The crystal structure of chevkinite-(Ce) was refined to R 1 indices of 4.7-6.5% and a GoF of 1.12-1.24 for a total of 115 refined parameters. Residual weak maxima [about 2.5 e for crystal (1) and 3.5-4.2 e for crystals (2), (2 an ) and (3 an )] were found to be present in difference-Fourier maps calculated at the final stages of refinement. Final atom parameters are given in Table 3 , selected interatomic distances are presented in Table 4 , refined site-scattering values are given in Table 5 , comparison of total Mscattering is given in Table 6 , and bond-valence analyses of crystals (2 an ) and (3 an ) are shown in Table 7 . Structure factors may be obtained from The Depository of Unpublished Data, CISTI, National Research Council, Ottawa, Ontario K1A 0S2, Canada.
DESCRIPTION OF THE STRUCTURE
Coordination of the cations
In the crystal structure of chevkinite-(Ce), there are two unique Si sites, each occupied by Si and surrounded by four O atoms in a tetrahedral arrangement. For crystals (1) and (2), <Si(1)-O> varies from 1.620 to 1.625 Å and <Si(2)-O> varies from 1.618 to 1.623 Å. For the annealed crystals (2 an ) and (3 an ), <Si(1)-O> varies between 1.612 and 1.614 Å, and <Si (2) Site-scattering refinement Solution and refinement of the structure of crystal (1) resulted in a major discrepancy between the number of electrons at the M sites determined directly from sitescattering refinement and derived from the chemical composition determined by electron-microprobe analysis: there is a 10% difference between these two values (133.9 versus 122.1 epfu, respectively, Table 6 ). This difference is much larger than expected for these two methods (i.e., of the order of a few %). Moreover, there was an unsatisfactory aspect to the unit formula in that the number of M-site cations is significantly less than 5 apfu whereas the number of large cations (r > 0.9 Å) is significantly greater than 4 apfu ( Table 2) . Moreover, this problem is not confined to the unit formula. The refined site-scattering value at the M(1) site (Table 5) is 31.7 epfu, and yet the dominant cation at this site must be Fe (or Ti) with only a small amount of Nb as a possible constituent. The atomic number of Fe is 26, and the M(1) octahedron is too small to contain any REE cations; hence the refined site-scattering value at the M(1) site is incompatible with the chemical composition of the crystal. These problems prompted us to repeat the X-ray and electron-microprobe data-collections on a second crystal [crystal (2)]. The results (Table 3b) for crystal (2) are very similar to those for crystal (1), and the problem with the high value of the refined scattering at the M(1) site is even greater than that observed for crystal (1) ( Table 5) .
At this stage, we began to suspect that this sample of chevkinite-(Ce) is not completely crystalline, as partial metamictization can affect the X-ray scattering characteristics of crystals (e.g., Hawthorne et al. 1991) . Examination of grains by transmission electron spectroscopy was unsuccessful owing to the very small grain-size, grain-shape and paucity of material. However, infrared spectroscopy was more revealing. The spectra of unannealed chevkinite-(Ce) (Fig. 1) shows a very strong absorption with a maximum at ~3400 cm -1 and extending down to ~2400 cm -1 , with a very asymmetric envelope. This feature is very similar to absorption in partly metamict titanite (Hawthorne et al. 1991 ) and zircon (Aines & Rossman 1986) , which, like chevkinite-(Ce), are also nominally anhydrous minerals. The presence of small amounts of Th (and possibly U) in chevkinite-(Ce) ( Table 2 ) and the similarity of its infrared spectrum in the principal OH-stretching region to those of metamict titanite and zircon suggest very strongly that the crystals of chevkinite-(Ce) examined here are partly metamict. Hence we annealed crystal (2) and a third crystal [crystals (2 an ) and (3 an )] in air for 3 h up to 1100°C, and then repeated the data collection for these crystals. The refined site-scattering values at the M sites are 128.2 (2 an ) and 123.4 (3 an ) epfu (Table 6) analogous values derived from the unit formula are 118.8 (2 an ) and 122.3 epfu (3 an ), differences of 7.9 and 1.1%, respectively. Also, the refined scattering values at the M(1) sites ( (1) and (2), and more in accord with the constituent M-site cations available for assignment to this site.
The valence state of Fe
The chemical formulae of crystals (2 an ) and (3 an ) ( 
Assignment of site populations
We will assign site populations for crystals (2 an ) and (3 an ), for which there is better agreement between the refined site-scattering values and the analogous values calculated from the unit formulae. The M(1) octahedron is large (2.098 and 2.115 Å) and the remaining octahedra are small (1.994 and 1.991 Å), indicating that Ti occurs at M (2, 3, 4) and not at M(1). This assignment is also in accord with the refined site-scattering values at these sites (Table 5) . The large size of the M(1) octahedron indicates that the M(1) site must be dominated by the divalent cations of the unit formula. Moreover, the fact that the refined scattering at M(1) exceeds 26 epfu, the scattering value for Fe 2+ , indicates that the small amounts of large heavy cations in the structure (i.e., Zr and Y) must occur at the M(1) site. The predicted mean bond-lengths for the M (1) at the M(2,3,4) sites, indicating that there are still residual-damage effects in the annealed structures.
The M(2,3,4) sites have refined site-scattering values of 54.5(7), 23.5(6) and 22.0(6) for crystal (2 an ) and of 52.7(6), 21.2(4) and 22.3(5) for crystal (3 an ) epfu, respectively ( Table 5 ), indicating that the strongest scatterers at these sites (i.e., Nb and Fe 3+ ) must be assigned to the M(2) site. This is in accord with the observation that the refined site-scattering values at the M(3) and M(4) sites are 23.5(6) and 22.0(6) for crystal (2 an ), and 21.2 and 22.3 epfu for crystal (3 an ), respectively, and in accord with these two sites being completely occupied by Ti. The resulting site-populations for the M(2,3,4) sites [labeled (2 an ) and (3 an ) in Table 5 ] show close agreement for the site-scattering values but significant differences between the observed and calculated mean bond-lengths at the M(2) and M(4) sites: e.g., ⌬ = 0.5 and 0.3 epfu, and ⌬' = 0.027 and 0.014 Å, respectively, for crystal (3 an ), where ⌬ is the difference between the refined and EMPA site-scattering values, and ⌬' is the difference between the observed and calculated mean bond-lengths. An alternative site-assignment is given for the M(2) and M(4) sites [labeled (2 an ) and (3 an )' in Table  5 ]. Here, ⌬ = 2.3 and 1.5 epfu, and ⌬' = 0.018 and 0.004 Å, respectively for crystal (3 an ); model (3) shows closer agreement with the refined site-scattering values, whereas model (3)' shows closer agreement with the observed mean bond-lengths. We find no compelling argument to prefer either assignment (2 an ) or (2 an )', (3 an ) or (3 an )', and hence present both possibilities in Table 5 .
The effect of partial metamictization on site-scattering refinement
A comparison of the results of site-scattering refinement and electron-microprobe analysis for unannealed crystals (1) and (2) shows major and systematic differences. The total amount of refined scattering at the M sites exceeds that indicated by the unit formula calculated from the chemical composition by ~13%, an amount considerably greater than that expected for these experimental methods. Annealing a crystal [i.e., crystals (2 and 3)] reduced this discrepancy, producing an agreement between the two methods of ~7 and 1% (Table 6) for crystals (2 an ) and (3 an ). These discrepancies are not uniformly distributed across all four of the M sites in the unannealed crystals; in particular, the refined scattering at the M(1) site is not possible, given the chemical composition of the crystal, and yet it is reproducible.
These observations indicate that small amounts of radiation damage can lead to erroneous site-scattering values (and hence erroneous site-populations), and that the effect is reproducible. It is rather intriguing that the site-scattering values are differentially affected by radiation damage; this finding implies that displacements (around the M sites) associated with small amounts of radiation damage are significantly different for the M(1) site than for the M(2,3,4) sites. In this regard, Lian et al. (2003) reported that in ion-irradiated pyrochlore, anion disorder precedes cation disorder in the radiation-induced transition from an ordered-pyrochlore superstructure to a cation-disordered defect-fluorite structure-type. Thus there seems to be some evidence that radiationinduced disorder does not proceed homogeneously in all structures.
These results have two implications: (1) structural studies on crystals that are suspected of being slightly radiation-damaged should involve heating of the crystal prior to X-ray data collection to avoid this systematic error; (2) the diffraction data contain information on the atom displacements associated with radiation damage, although it is not yet clear how to extract more quantitative information than the qualitative conclusions that are reached here.
Structure topology
Subsequent to determination of the crystal structure of perrierite-(Ce) (Gottardi 1960) , Peng & Bun (1964) proposed a model for the crystal structure of chevkinite-(Ce) of composition {REE The principal unit of the chevkinite-(Ce) structure is a layer of octahedra parallel to (001) (Figs. 2a, b) . This layer consists of two distinct rutile-like chains of octahedra in which each octahedron shares two trans edges with adjacent octahedra; the first chain involves M(2) octahedra, and the second chain involves M(3) and M(4) octahedra. Chains of each type alternate within the layer, and are connected through common vertices. On the basis of the latest data for the chevkinite-group minerals (Macdonald et al. 2002) , it is probable that strontiochevkinite and rengeite, as well as perrierite-(Ce) (neglecting the fact that perrierite-(Ce) has an M(3) site with a multiplicity of 4; Gottardi 1960), have the same type of layer in their structure (Fig. 2b) .
The two site-assignments described above (Table 5 ) result in two different layers of octahedra with regard to their arrangements of (TiO 6 ) octahedra. Figure 2a shows the layer of octahedra corresponding to assignment (3). Figure 3a shows the layer of octahedra corresponding to assignment (3 an )* (Table 5) . Ti is dominant at the M(2-4) sites, producing a layer of corner-and edge- sharing (TiO 6 ) octahedra. On the other hand, polyakovite-(Ce) has a different arrangement of (TiO 6 ) octahedra: Ti 4+ and (Cr 3+ , Fe 3+ ) occur at the octahedrally coordinated M(2-4) sites (Popov et al. 2001) (Fig. 2c) . Chevkinite-(Ce) [plus strontiochevkinite and polyakovite-(Ce)] and perrierite-(Ce) [plus rengeite and matsubaraite] are structural dimorphs. They differ in the linkage of (SiO 4 ) tetrahedra and M(2) octahedra (Figs.  3a, b) . Figure 3a also applies to polyakovite-(Ce): M(2) octahedra are Ti-dominant, as in perrierite-(Ce). Assignments (3 an ) and (3 an )* suggest that, in the chevkinite-(Ce) structure, (SiO 4 ) tetrahedra might be linked either to a chain of Fe 3+ -dominant octahedra (Fig. 4a) or to a chain of Ti-dominant octahedra (Fig. 4b) . (Figs. 5a, b) . Structure models presented in Figures 5a, b differ in the degree of polymerization of (TiO 6 ) octahedra. There are rutile-like (TiO 6 ) chains in the structure shown in Figure 5a , and there is a sheet of (TiO 6 ) octahedra in the structure shown in Figure 5b . Polymerization of (TiO 6 ) octahedra is a significant feature of Ti-silicate minerals; we consider this issue elsewhere (Sokolova & Hawthorne 2004 ).
